Due to the demographic change, the need of rehabilitation is rising. Home-based rehabilitation can lower the fnancial burden, support reintegration into daily (work-)life and increase motivation as well as compliance of patients. Several device-supported approaches for rehabilitation were investigated in the research project REHABitation. An insole-based live-feedback system to support patients performing partial weight bearing was developed and tested in a clinical pilot study. Rehabilitative games using commercial gaming control systems like the Microsoft Kinect and the Nintendo Wii Balance Board were developed for range-of-motion and balance training, respectively. For these serious games, usability was tested with the System Usability Scale questionnaire. The comparability of range-of-motion measurements of shoulder movements conducted with inertial measurement units and an optical motion capture system was elaborated. Results fo the clinical study suggest that the patients' compliance with partial weight bearing load restriction was improved with the use of the live-feedback system developed. The use of Wii and Kinect solutions is possible and helps to increase compliance of patients due to high system usability scale scores and positive feedback. The use of intertial measurement units for the detection of motion and its characteristics is highly depending on the used type of system and the intended time span of use. All these approaches were interconnected with diagnosis, corresponding exercises/assessments and tools in the web-based Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for proft or commercial advantage and that copies bear this notice and the full citation on the frst page. Copyrights for third-party components of this work must be honored. For all other uses, contact the owner/author(s).
INTRODUCTION
The participation in social, cultural and occupational areas of life as well as the improvement of Quality of life are major goals of rehabilitation [46] . Whereas patients have a lot of treatments and interventions during their stay in a rehabilitation clinic, this is not the case when they return home. Most of the patients do not perform any type of exercise at home, although rehabilitation process is not completed [16] . Simeone et al. [35] stressed the importance of continuing physical and psychological recovery after discharge. Due to the demographic change, the need of rehabilitation is constantly rising which leads to a fnancial burden of health care systems [28] .
Telerehabilitation and rehabilitation at home have the potential to reduce costs and support re-integration in daily life [49] . It has been shown that long stay home care patients receiving rehabilitation at home have improved outcomes and need fewer costly health services [9] . However, in most cases, patients receive rehabilitative exercises instructions for home verbally or in the form of paper copies. In a home setting, neither the compliance of patients nor the correct performance of these exercises can be checked, as there are hardly any tools or interventions to support the patient. Thus, the interest for home-based rehabilitation tools, which helps the patient to keep rehabilitation exercises and to increase motivation, is growing. These tools should be easy-to-use, easy available, light weighted if worn on the body, and inexpensive. Therefore, to further reduce costs for rehabilitation applications, the approach to use of-the-shelf products or gaming systems has arisen in the last years. [16] The research project REHABitation deals with the development of technology-based rehabilitative and preventive measures for the home environment. One focus is the realisation of these measures with of-the-shelf devices, which are inexpensive and easily available. Thus, a central question is the comparability of parameters from home based tools and clinical diagnosis tools. In course of this project several usecases were developed as well as an overview database for the interconnection of rehabilitative exercises and available tools were created. In the present work, three of the usecases as well as the implementation of the REHABitation database are presented.
The approaches include partial weight bearing after injuries of the lower extremities or total hip arthroplasty (THA) using a livefeedback system, training of movement and coordination of upper extremities for neurological patients based on Microsoft Kinect and training of coordination and balance with a Nintendo Wii Balance Board. Further on, the comparability of Inertial Measurement Units (IMUs) to a gold-standard motion analysis system was elaborated, as the use of IMUs in motion analysis is on the rise, but data quality is highly dependent on data processing and handling [37] . The suitable devices and interoperable tools which were researched during the project as well as all approaches developed, were entered into a database, which also include the interconnection of these tools with rehabilitative exercises and felds of application.
State of the Art
After lower limb injuries or surgical replacement of hip or knee joints, a common rehabilitative measure is partial weight bearing (PWB) [2, 34] . This measure proved to be benefcial of the healing process after hip operations, knee surgeries, and fractures in or around the joints of the lower limbs [8] . PWB allows an optimized rehabilitation process with reduces healing time and quicker reestablishment of normal gait [20] The number of total hip arthroplasties (THA) has risen since the year 2000 and countries like Germany and Austria show very high incidence rates of 286-306 cases per 100.000 population [29] . In most cases, the partial load is trained statically with a scale or force plate [24, 48] making it very difcult for patients to translate the static trained partial load to dynamic movements. This leads to almost 90% of patients exceeding the prescribed load signifcantly while walking [38, 45] .
Besides static training, also verbal instructions lead to the same poor outcome in regard to the ability of patients reproducing the prescribed partial load [19, 41, 42] . An approach to improve compliance with PWB, which already showed its positive efects in clinical environment and rehabilitation centres, is to provide the patient with biofeedback. Nevertheless, most studies agreed that it is even more important for the success of the PWB method to give patients the possibility to monitor and quantify their loading outside of a clinical environment in daily life, as the largest part of rehabilitation occurs after discharge from the clinic [18, 19] .
This applies also for stroke patient, for which it is very important to continue physical and psychological recovery when they return home [35] . In high income countries, stroke is the leading cause of death and second leading cause of disability [25, 44] . More than 50% of the stroke patients surviving the acute phase of stroke, lose their ability to walk [13, 43] . Cameirao et al. [7] described ICT (Information and Communication Technology) home-based solutions as strategy to allow patients tu pursue their treatments without institutionalization. They presented home-based rehabilitation exercises with a Microsoft Kinect for movement tracking and a Virtual Coach. Faria et al. [17] developed a Rehab@home system composed of two Wii balance boards and a webcam for neurological patients like stroke survivors. Telerehabilitation and rehabilitation with low-cost consumer technologies seems to be a solution to increase rehabilitation access [14] . Commercial gaming systems, like the Nintendo Wii Balance Board or the Microsoft Kinect, are more and more intensively used for rehabilitation purposes due to their low-costs and easy availability [14, 16] . In connection with virtual reality, which is reported to increase motivation and engagement of patient performing rehabilitative exercises [26] , custom made applications with conventional PCs and commercial gaming systems seems promising solutions for rehabilitation at home [16] .
Inertial measurement units (IMU), a combination of accelerometers and gyroscopes, have become widely used in the research of wearable motion analysis in the last years, due to rapid development of microelectromechanical systems [37] . The IMUs have several advantages such as lightweight, small size, low power consumption, portability and low-cost [15, 37] . They are used as an alternative to laboratory-based systems to gather motion data or evaluate postural control and balance [30, 47] . Thus, they allow monitoring motion in real-life environments and seems therefore suitable for applications in home rehabilitation. Although some studies showed good agreement of IMU measurements with clinical systems [5] , the quantifcation of gait by using IMUs have not yet been driving changes in clincical practice as outcomes measurements are highly heterogeneous [15] . Sprager and Juric [37] conclude that IMU-based motion analysis shows great potential, but needs to cope with several limitations like reproducable sensor positioning, data connectivity, data handling and processing.
The research questions focused on the actual applicability of lowcost and commercially available system for clinical and home-based rehabilitation purposes in comparison to state-of-the-art solutions. 
METHODS 2.1 Feedback system for partial weight bearing
The live-feedback system for PWB consists of the multimodal, mobile gait analysis system eSHOE, which was developed by the Central European Institute of Technology (CEIT RALTEC, Schwechat) in collaboration with the University of Applied Sciences Technikum Wien [11, [21] [22] [23] and an Android-application [39, 40] . The eSHOE system are orthopaedic insoles with diferent sensor embedded, capable of measuring pressure under four specifc areas under the foot, 3D-acceleration as well as 3D angular velocity, available in sizes EUR36-EUR44. The insoles were validated against golden standard systems where they results showed strong linear relationship and good agreement [10, 12] . For the intended use in PWB, only the pressure data are of interest, which are recorded via four A401 Tekscan sensitive resistor sensors (FSR) under the heel, the frst and ffth metatarsal heads and the big toe. The system transmits sensor data via Bluetooth using a KC22.6, KC Wirefree module to the PWB Android application. In the application, pressure data can be either recorded or visualized as bar charts which proved to be easy understandable for patients. An individual threshold value can be set by the medical professional and the form of the feedback, either visual, haptic, acoustic or a combination of these, can be confgured which is triggered whenever the set threshold is reached.
Ten geriatric patients (median age 78; median BMI 22.1; 8f/2m) participated in a clinical pilot study during their inpatient stay. On four measurement dates the participants walked in a straight line with the inserted insoles once without feedback function and once with activated feedback function of the live-feedback system. Parameters like correctly loaded steps and mean maximum load were extracted from the data gathered and compared. A step is correctly loaded if the load is in the range of the prescribed load 1 I think I would like to use this system frequently 2 I think I would need the support of a technical person to be able to use this system 3 I would imagine that most people would learn to use this system very quickly.
4
I felt very confdent using the system.
5
I needed to learn a lot of things before I could get going with this system.
6
The task was entertaining.
7
The task was too long.
8
The task was easy to understand.
9
It was difcult to control the virtual hands.
10 I would like to continue this treatment. ±10% of bodyweight. The signifcance of the results was tested with Wilcoxon-Rank-Sum and Signed-Rank-Tests.
Rehabilitative game for upper extremities
The rehabilitative game for the upper extremities of neurological patients was developed based on requirements defned by therapists from the Neurological Rehabilitation Centre Rosenhügel (NRZ Rosenhügel, Vienna). One important requirement was the adaptability of the rehabilitative game to the patients' needs and abilities, which could change from day to day. The game itself was implemented in C# and UnityScript, runs on a standard personal PC or laptop and includes two diferent life-near training scenes with diferent levels of difculty. These training scenes are a book shelf, where the user has to prevent them from falling out of the shelf, and a kitchen scene, where the user has to grab the right object which is textual given. Thus, the kitchen scene also trains cognitive functions, as the written word has to be recognized and associate with the right object. The games are controlled by hand movements which are detected via the Microsoft Kinect 2. The virtual scenes are either displayed on a big screen or projected to the wall via video projector. The therapist can supervise the movement while standing behind the patient as the program just tracks the hands of the patient (see Figure 2) . Virtual hands, which are positioned according to the detected coordinates of the hand joints, are overlayed in the scenes. At the NRZ eleven stroke patients (average age 58, 9m/2f) took part in a usability study. Over one week the patients performed the exercises of the game at least twice. Afterwards they flled out a modifed system usability scale (mSUS) questionnaire (see Table 1 ), which is based on the standardized SUS [6] . Five questions were changed concordant with [7] to ft the setting, as some questions were not answerable by the patients. The mSUS score results in values between 0 and 100 without unit, while 100 represents high usability. Five therapist which took part in this usability study flled out the standard SUS. 
Rehabilitative game for balance training
Another rehabilitative game for balance training using the Nintendo Wii Balance Board was developed in cooperation with the NRZ Rosenhügel. Again, requirements from the therapists were collected which leads to exercises adaptable to the patients' abilities and needs. Diferent balance exercises were realised, like a virtual kitchen, a parachute jump and dancing the Waltz. Like the rehabilitation game for upper extremities, this balance game was implemented in C# and UnityScript, but needs to run on a personal computer or laptop which provides at least Bluetooth 2.3 interface. The user controls a virtual avatar with the Wii Balance Board by shifting his body weight. The therapist can supervise the movements of the patient while the patient is secured with a safety harness ((c) in Figure 3 ). 23 neurological patients (60.3±16.9 yrs, 14m, 9f) with diferent clinical conditions, who got balance training prescribed during their stay in the rehabilitation clinics, took part in a usability study. They performed the balance exercises and flled out the SUS questionnaire [6] .
Validation of interial measurment units
To compare IMUs with gold-standard motion analysis systems, Range of Motion (ROM) measurements of the shoulder joints were conducted with IMUs and a Vicon Motion Analysis system simultaneously. Three diferent shoulder movements, namely shoulder abduction, external rotation of shoulder joint (from neutral position) and horizontal adduction were performed 35 times. The measurements were conducted with (prototypical) inertial measurement units from the ETH Zurich consisting of a microcontroller, an IMU-module MPU-9150 (InvenSense), a standard accelerometer, an accumulator, a SD-memory-card, a micro USB interfaces and a Bluetooth interface. The Vicon Motion Analysis system was set up with seven Vicon Bonita infrared cameras mounted in a circular 
Exercise and assessment database
Exercises and assessments from international rehabilitation sources as well as preventive and sports oriented focuses were integrated into the developed web based easy-to-use information database for assessments, exercises and tools [31] . The database is structured to allow usage by any involved user. This means that the therapist, as the frst medical professional in a typical rehabilitation process may search for suitable assessment methods and exercises for the individual patient. These may be linked with tools available in the database. The patient is handed over a collection and description of the selected exercises. The patient can use this rudimentary information and look up more specifc information in the database Figure 5 : Number of correctly loaded steps in % of total steps without feedback function (NF, black) and with feedback function (FB, grey) of the live-feedback system developed [39] .
and can also watch tutorial videos or graphical representations for better understanding. The third possible user group of the database are device manufacturers, who can enter their devices according to their own information into the database. The implemented authentication methods prevents the database from misuse of unauthorised change of datasets. As a single point of contact the database includes a single easy-to-use search feld, which allows search queries by each character. Information about all matching results will be displayed immediately and further information can be retrieved by a single click.
RESULTS
PWB performance of all patients improved with the use of the livefeedback system (see Figure 5 ), the average improvement of the number of correctly loaded steps was 27.9% (p=0.002). Additionally, the maximal load decreased in 9 out of 10 patients and in average from 31.5 to 21.6% (p=0.006) diference to the prescribed load ( Figure  6 ). The virtual rehabilitation game for upper extremities was implemented with two diferent exercises, bookshelf and kitchen scene, with ten levels of difculty and with a training as well as a comparison mode. When using the system the frst time, a calibration is done for each patient to determine the individual maximal ROM to ensure that with a calibration factor the patient is still able to reach with the virtual hands all corners of the screen. In the exercise 'bookshelf' the task is to prevent books from falling out from the book shelf, where caught books move back to their position in the shelf and dropping books disappear (Figure 7 ). In the exercise 'kitchen environment' the name of an object is displayed which has to be recognized, grabbed and put into the middle of the kitchen counter before a time defned has elapsed (Figure 8) .
The results of the mSUS flled out by the patients was 78.4±11.1 whereas the results of the SUS flled out by the therapists was 91.0±4.9. The mSUS value is in the range of a 'good' usability and the SUS value is in the range of an 'excellent' usability, according to Bangor et al. [3] . : Screenshot of the virtual kitchen for balance training, the avatar moves based to the COP measured. In the right upper corner the ingredient which as to be acquired and streched for is displayed [27] . The balance training game using the Nintendo Wii Balance Board includes four diferent exercises with up to 30 difculty levels. As examples, the screenshot of the virtual kitchen ( Figure 9 ) and the parachute jump can be seen in Figure 10 . In the virtual kitchen the patient has to shift its weight in the direction of the ingredient which has to be acquired, indicated by the picture displayed in the right upper corner of the screen. For the parachute jump, the goal is to maneuvre the chute through intermediate goals, indicated with red circles until it should be landed in the middle of the end goal, displayed as common target with red and with circles. The avatar is controlled via weight shifting on the Wii Balance Board and moves accordingly to the progress of centre-of-pressure (COP) gathered in the virtual scenes.
The patients rated the overall balance training game with 85, the virtual kitchen was rated with 81.25 and the parachute exercise with 100 points in the SUS scale. The value from the virtual kitchen is in the range of 'good' usability, whereas the overall value of 85 and Table 2 : Range-and peak value results for the agreement between IMU and optical motion analysis system for the shoulder movements of abduction, external rotation and horizontal adduction using Pearson's r and RMS 100 for the parachute jump is in the range of 'excellent' usability, according to Bangor et. al [3] .
Comparison of the results of ROM measurements with the IMUs and the optical motion analysis system resulted in Pearson's r of 0.3-0.83 and a RMS of 8.87°-13.28°for the range and in Pearson's r of 0.12-0.65 or 12.69°-15.01°, respectively, for the peak values (see Table 2 ). Although most values in the Bland-Altman plot (Figure 11 ) lie in the limits of agreement (2*SD), the plots show poor agreement, as the mean diferences are between 4.73°and 13.21°for shoulder movements. These limits of agreement are clinically not acceptable.
At the current point in time, the REHABitation database (see Figure 12 ) includes 450 exercises and assessments. These are linked to supporting tools and/or software solutions (equipment). All entries are therefore directly connected to a diagnosis -thereby to a ICD code -and an area of assessment. The database allows by its setup users of diferent views, like patients, medical professionals, therapists and even equipment manufacturers to access the exercises and assessments, search for them and introduce new combinations, if desired. Therefore a therapist can provide an individual combination of each patient. This web based plattform is designed to be used as interactive and easy-to-use as possible and therefore also includes live search, performed during typing of each character.
DISCUSSION
Results of the clinical pilot study suggest that the patients' compliance with PWB load restriction was improved with the use of the live-feedback system developed. The number of correctly loaded steps increased for all patients with the help of the feedback. The changes were statically signifcant, what leads to the assumption that the system is applicable for supporting patient with the performance of PWB. Additionally, the system is unobtrusive as the instrumented insoles are based on standard orthopaedic insoles and data are wirelessly transmitted to the Android-application, which makes it suitable for the use outside of clinical environments. The use of Wii and Kinect solutions is possible and helps to increase compliance of patients due to high SUS scores and positive feedback. Due to their low-costs and easy availability, it is suitable for the use at home. Nevertheless, these solutions are not certifed as medical products and can therefore not be included into the clinical routine, or even prescribed as training equipment. The agreement of shoulder ROM measurements with IMUs and a optical motion capture system was poor in contrast to the results of [5] who demonstrated good agreement between IMU and an optoelectronic motion capture system for pelvic orientation. The use of IMUs for the detection of motion and its characteristics is highly depending on the used type of system and the intended time span of use. Nevertheless, IMUs can be used for simple monitoring activities as they are mostly easy attachable and not complex in handling. Considering the current number of users, the performance of the REHABitation database seem to be sufcient, but will have to be adapted with increasing number of users and service requests. However, the system has to be tested under high load and stress for proving its daily-use capabilities. Additionally, this web based solution still has to be improved for accessibility according to gold standards and W3C conventions. Hence, the database can be used in future as single point of contact for therapists, patients, manufacturers and simply interested citizens for preventive and rehabilitative exercise and assessment planning.
LIMITATIONS
The insole system is the only development which was validated in course of former projects, the other developments like the rehabilitative games, were developed during the project REHABitation and thus, the frst step was to evaluate usability of the systems before efciency has to be tested in clinical studies. For the shoulder movements the investigation presented here aimed to compare IMU movement data with a golden-standard movement analysis system as many IMUs systems are currently on the market for upper extremity rehabilitation although the accuracy is not proven. The studies described in the paper have clear limitation as the number of participants was low and only specifc pathologies were examined. Thus, in future studies the provided solutions should be tested with broader clinical pictures and an appropriate number of participants.
